Using respirometry, we examined the hypoxia tolerance of 31 teleost fish species (seven families) inhabiting coral reefs at a 2-5 m depth in the lagoon at Lizard Island (Great Barrier Reef, Australia). All fishes studied maintained their rate of oxygen consumption down to relatively severe hypoxia (20-30% air saturation). Indeed, most fishes appeared unaffected by hypoxia until the oxygen level fell below 10% of air saturation. This, hitherto unrecognized, hypoxia tolerance among coral reef fishes could reflect adaptations to nocturnal hypoxia in tide pools. It may also be needed to enable fishes to reside deep within branching coral at night to avoid predation. Widespread hypoxia tolerance in a habitat with such an extreme biodiversity as coral reefs indicate that there is a wealth of hypoxia related adaptations to be discovered in reef fishes.
INTRODUCTION
Coral reefs are not generally thought of as hypoxic habitats, and coral reef fishes are not known for their hypoxia tolerance. However, the data presented here show that hypoxia tolerance is a widespread phenomenon among coral reef teleosts. While examining the respiratory consequences of mouthbrooding in two species of cardinalfish (Apogon leptacanthus and Apogon fragilis) at Lizard Island, on the Northern portion of the Great Barrier Reef, we found that these fishes display a critical oxygen (O 2 ) concentration ([O 2 ] crit ) just below 20% of air saturation (G. E. Nilsson and S. Ö stlund-Nilsson, unpublished data) . [O 2 ] crit is the O 2 level below which the fish is unable to maintain a resting rate of O 2 consumption (VO 2 ) that is independent of the ambient [O 2 ] (Beamish 1964) . Thus, at an [O 2 ] below the [O 2 ] crit , the fish starts relying on anaerobic metabolism.
An [O 2 ] crit below 20% was unexpectedly low for fishes living in a tropical sea habitat. First, severe hypoxia had never, to our knowledge, been reported in this habitat, and our own measurements of water [O 2 ] where the fishes were caught showed levels near 100% of air saturation. Second, maintaining O 2 uptake in hypoxia is quite an achievement in sea water at such a high temperature (30°C) due to the combined effects of a low solubility of O 2 in warm sea water, and the high rate of O 2 consump-tion of a small fish at such a high temperature. As in other animals, VO 2 of fishes increases with body temperature (also after acclimatization) and decreases with body mass (Schmidt-Nielsen 1997) , which in the case of the cardinalfish was 1-2 g.
There seems to be no comparable measurements of hypoxia tolerance in tropical sea fishes. However, a comparison can be made with tropical freshwater fishes for which there are data available. Some African cichlid species, including tilapia (Oreochromis niloticus) are renowned for their hypoxia tolerance. These cichlids have a [O 2 ] crit of ca. 20% of air saturation at 25°C-very similar to what we saw in the reef fishes. However, the cichlids are relatively large fishes adapted to tropical freshwater habitats that are known to regularly become severely hypoxic (Verheyen et al. 1994; Chapman et al. 1995) . Similarly, several hypoxia-tolerant fishes inhabit the Amazon basinan area where hypoxia is often encountered (Val et al. 1998) .
In cardinalfish, the males carry the fertilized eggs in their mouth (Thresher 1984) . Thus, our first hypothesis was that the low [O 2 ] crit measured in the cardinalfish reflected an adaptation for mouthbrooding, as it would allow the fish to strip more O 2 from the water when faced with a reduced ability to ventilate the gills. To test this hypothesis, we decided to measure [O 2 ] crit in several species of cardinalfish (all mouthbrooders) as well as in several other fish species (non-mouthbrooders) in the same habitat. The habitat was reefs that were 2-5 m deep with a high abundance of branching coral (figure 1), situated in the lagoon outside the Lizard Island Research Station (LIRS). We could dismiss our initial hypothesis as it soon became clear that hypoxia tolerance is a general phenomenon among teleosts in this habitat.
MATERIAL AND METHODS
All experiments were carried out in February to March and October to November 2002 at LIRS (www.lizardisland.net.au) on the Great Barrier Reef, Australia. The fishes were caught using SCUBA diving in the lagoon at LIRS, over branching coral at a depth of 2-5 m (figure 1). They were caught with a hand-net after lightly anaesthetizing them with clove oil.
The fishes were kept in shaded outdoor aquaria with a continuous supply of water pumped in directly from the ocean (28-31°C) for at least 48 h before measurements. The water O 2 level varied between 80-105% of air saturation. They were fed daily with mysid shrimps until satiation, but were starved for 24 h before any experiments. All experiments were carried out in shaded daylight (10.00-18.00).
Closed respirometry was carried out essentially as described by Nilsson (1992 Nilsson ( , 1996 . In closed respirometry, a fish is placed in a sealed container and the falling water O 2 level is recorded continuously. The respirometer was custom made out of a Perspex cylinder (inner Ø of 80 mm) with a plunger that allowed us to adjust the chamber volume (150-1200 ml) according to the size of the fish, so that each experiment took ca. 3-5 h. The O 2 level in the respirometer was monitored using a galvanometric O 2 electrode (OXI 340i, WTW, Germany) equipped with a small magnetic propeller driven by a magnetic stirrer placed outside the chamber. The chamber was submerged in a flow-through aquarium to maintain a stable temperature (30 ± 1°C). The data were recorded with a Powerlab 4/20 using the program Chart v. 4.0 (both from AD Instruments). Before each experiment we let water run through the respirometer to allow the fish to acclimatize for at least 2 h. All fishes included in this study settled down rapidly and remained virtually motionless during respirometry. (table 1) , which is several times higher than that of fishes in cold temperate water.
DISCUSSION
Being hypoxia tolerant has its drawbacks. It demands a haemoglobin with a high O 2 affinity, which means that the S32 G. E. Nilsson and S. Ö stlund-Nilsson Hypoxia tolerance in coral reef fishes rate by which O 2 can be downloaded to the tissue is reduced. Moreover, a high ability to strip O 2 from the water demands a large respiratory surface area, which at the same time means increased ion fluxes that have to be counteracted by costly ion pumping (Schmidt-Nielsen 1997) . Exposing the internal milieu to the ambient water through a large respiratory surface area will also mean increased contact with pathogens and toxic substances. This poses the obvious question: what is the selection pressure that makes virtually all fishes in this coral reef habitat display a [O 2 ] crit that is much lower than the O 2 levels that they, at a first glance, can be expected to encounter? We would like to suggest two possible reasons for this. The first is related to the fact that the same species may also occur on more shallow reefs that periodically become cut off from the surrounding ocean during low tides. When this happens at night, the respiration of the Proc. R. Soc. Lond. B (Suppl.) coral and associated organisms can make the enclosed water hypoxic. At Heron Island, further south on the Great Barrier Reef, water O 2 has been found to fall to 30% of air saturation on the reef platform when this becomes cut off from the ocean during nocturnal low tides (Kinsey & Kinsey 1966) . The Heron Island reef platform is inhabited by the epaulette shark (Hemiscyllium ocellatum), which is the only coral reef vertebrate that has previously been found to be hypoxia tolerant (Routley et al. 2002) . From temperate regions, there are several examples of hypoxia-tolerant fishes inhabiting tide pools (Martin 1995) . Shallow parts of the reef around Lizard Island can get partially air exposed, during exceptionally low tides, with the resultant formation of tide pools. We have hitherto not had the opportunity to measure O 2 levels in such tide pools at night, or examine the composition of the fish fauna that may remain there.
A second possible explanation for the hypoxia tolerance displayed by at least some of the species examined at Lizard Island is that they move deep into the branching coral to feed or hide from predators. If they do this at night, as many night divers reportedly have seen, they may enter into a microhabitat that becomes hypoxic due to coral respiration. Coral tissue is known to become hypoxic at night ( Jones & Hoegh-Guldberg 2001) . In coral taken into the laboratory at Lizard Island, we have found that water [O 2 ] between coral branches may fall below 20% of air saturation at night (G. E. Nilsson and S. Ö stlund Nilsson, unpublished data) .
Lizard Island is far from any major human settlements (270 km north of Cairns) so hypoxia related to pollution can be excluded.
Coral reefs have the highest biodiversity of any marine habitat. If hypoxia and hypoxia tolerance is common in this habitat, as suggested by the present results, this could mean that there is an exceptional wealth of hypoxia adaptations waiting to be explored in this ecosystem. So far, most hypoxia-tolerant vertebrates where physiological adaptations have been studied in detail, which include North American freshwater turtles, carps and goldfish (Lutz et al. 2003) , are animals that have evolved their hypoxia tolerance to allow overwintering in hypoxic habitats at temperatures close to 0°C. The water temperature of coral reefs (ca. 30°C), is not far from the body temperature of homeothermic vertebrates such as mammals. Therefore, studying the mechanisms that coral reef fishes have evolved to allow hypoxic survival could be of particular relevance for biomedical hypoxia and ischemia research. Of course, such studies are also needed for a more complete understanding of the coral reef ecosystem and its inhabitants.
Hypoxia and hypoxia tolerance have been well documented in temperate aquatic waters and in tropical freshwater habitats. For reasons that are not immediately obvious, very few scientists appear to have set out to study hypoxia in the paradisiacal setting of a coral reef. The present study is the first, to our knowledge, to suggest that hypoxia tolerance is widespread, maybe even ubiquitous, Proc. R. Soc. Lond. B (Suppl.) among teleost fishes intimately associated with coral. Indirectly, this indicates that hypoxia in coral reef habitats is a much more common phenomena than generally thought.
